Abstract-A single-nucleotide polymorphism (C/A) located within an E-box at the Ϫ20 position of the human angiotensinogen (AGT) promoter may regulate transcriptional activation through differential recruitment of the transcription factors upstream stimulatory factor (USF) 1 and 2. To study the contribution of USF1 on AGT gene expression, mice carrying a (Ϫ20C) human AGT (hAGT) transgene were bred with mice harboring a USF1 gene trap allele designed to knock down USF1 expression. USF1 mRNA was reduced relative to controls in liver (9Ϯ1%), perigenital adipose (16Ϯ3%), kidney (17Ϯ1%), and brain (34Ϯ2%) in double-transgenic mice. This decrease was confirmed by electrophoretic mobility shift assay. Chromatin immunoprecipitation analyses revealed a decrease in USF1, with retention of USF2 binding at the hAGT promoter in the liver of male mice. hAGT expression was reduced in the liver and other tissues of female but not male mice. The decrease in endogenous AGT expression was insufficient to alter systolic blood pressure at baseline but caused reduced systolic blood pressure in female USF1 gene trap mice fed a high-fat diet. Treatment of USF1 knockdown males with intravenous adenoviral short hairpin RNA targeting USF2 resulted in reduced expression of USF1, USF2, and hAGT protein. Our data from chromatin immunoprecipitation assays suggests that this decrease in hAGT is attributed to decreased USF2 binding to the hAGT promoter. In conclusion, both USF1 and USF2 are essential for AGT transcriptional regulation, and distinct sex-specific and tissue-specific mechanisms are involved in the activities of these transcription factors in vivo. (Hypertension. 2012;59:00-00.) • Online Data Supplement Key Words: polymorphism Ⅲ transcription Ⅲ adenovirus Ⅲ short hairpin RNA Ⅲ hypertension T he angiotensinogen (AGT) gene has long been studied as a candidate gene in hypertension, and many studies have illustrated a direct correlation between AGT levels and blood pressure (BP). Increasing the copy number of the AGT gene increases BP by Ϸ7 mm Hg per copy, delivery of anti-AGT antibodies into the blood reduces BP, and injection of AGT causes increased BP. [1][2][3] However, the precise mechanisms by which genetic polymorphisms in the AGT gene or its promoter region could influence BP remain unclear.
T he angiotensinogen (AGT) gene has long been studied as a candidate gene in hypertension, and many studies have illustrated a direct correlation between AGT levels and blood pressure (BP). Increasing the copy number of the AGT gene increases BP by Ϸ7 mm Hg per copy, delivery of anti-AGT antibodies into the blood reduces BP, and injection of AGT causes increased BP. [1] [2] [3] However, the precise mechanisms by which genetic polymorphisms in the AGT gene or its promoter region could influence BP remain unclear.
It is widely accepted that hypertension is heritable and, consequently, has a genetic component. Single nucleotide polymorphisms (SNPs) in the human AGT (hAGT) promoter have been implicated in the pathogenesis of high BP, including those at nucleotides Ϫ6, Ϫ 20, Ϫ217, Ϫ517, and Ϫ792 (reviewed in Reference 4) . Some of the polymorphisms in the hAGT promoter have been reported to affect transcriptional regulation of the gene, thus providing a potential mechanism for dysregulation. 5 For example, we reported that a genetic variant in the hAGT promoter (G-6A) might have physiological relevance under high-salt diet conditions. 6 In that study, we examined BP in 4 triple-transgenic mouse models expressing either the Ϫ6G or Ϫ6A haplotypes of hAGT, combined with 2 different human renin transgenes (one well regulated and the other poorly regulated), all on an endogenous murine AGT null genetic background. We found increased salt sensitivity of BP in mice carrying the Ϫ6A hAGT haplotype when on a genetic background of poorly controlled human renin expression. The A-20C variant in hAGT is independently associated with increased BP, cardiac hypertrophy, cerebral small vessel disease, and a blunted aldosterone response to angiotensin II. [7] [8] [9] [10] We demonstrated that the Ϫ20 position lies within an "E-box (CANNTG)" sequence, which binds the transcription factors upstream stimulatory factor (USF) 1 and USF2, and differential binding of USF1 and USF2 to the Ϫ20C or Ϫ20A alleles of the AGT promoter may lead to differential expression of AGT in AGT-expressing cell lines. 11 Moreover, clinical studies show that AGT expression is higher in human subjects carrying the Ϫ20C SNP compared with those carrying the Ϫ20A SNP. 12 However, the molecular mechanism regulating hAGT expression by transcription factors that bind to physiologically relevant promoter sequences is unclear in vivo. USF1 and USF2 are ubiquitously expressed transcription factors controlling several critical genes in lipid and glucose metabolism. 13 They are recruited to the transcriptional complex to modulate the state of chromatin.
14,15 USF1-null mice were viable and fertile with elevated levels of USF2, which may compensate for the absence of USF1. 16, 17 In contrast, USF2-null mice exhibited reduced levels of USF1 and displayed an obvious growth defect. 16 Although USF1 or USF2 single knockouts survive, the double null is lethal, further supporting a functional redundancy in USF1 and USF2. Herein, we determined the in vivo importance of the Ϫ20C allele in the hAGT promoter and its possible interaction with USF1 and USF2 by examining transgenic mice carrying the Ϫ20C SNP in hAGT in which USF1 expression was knocked down.
Materials and Methods
Please see the online-only Data Supplement for a more detailed Materials and Methods section.
Animals
We used a USF1 gene trap (USF1 GT ) allele (USF1 Gt [XG830] Byg ) derived from embryonic stem cells obtained from the Mutant Mouse Regional Resource Center. We also used hAGT transgenic mice as reported. 18 All of the mice were fed standard mouse chow and had access to water ad libitum. All of the procedures were approved by the University of Iowa University Animal Care and Use Committee and conducted according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Molecular Analysis
Gene expression, Western blotting, gel shift and supershift assays (electrophoretic mobility-shift assay [EMSA]), and chromatin immunoprecipitation (ChIP) were performed as detailed in the Methods section of the online-only Data Supplement.
Intravenous Adenoviral Delivery In Vivo
Adenoviral delivery of short hairpin RNA targeting USF2 (AdshUSF2.3) was prepared and administered as described.
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BP Measurements
Systolic BP (SBP) was measured using the Visitech Systems BP-2000 tail-cuff BP monitoring system, as described previously.
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Statistical Analysis
All of the comparisons were performed between USF1
GT and wild-type USF1 (USF1 WT ) littermates expressing the hAGT transgene. Data were analyzed by t test or ANOVA as appropriate and were expressed as meanϮSEM. Statistical significance was defined at a value of PϽ0.05.
Results
Mice Carrying ؊20C SNP of hAGT Transgene and USF1
GT
To identify the role of USF1 on hAGT mRNA expression in vivo, we bred transgenic mice carrying a high expressing allele (Ϫ20C) of hAGT onto the USF1
GT genetic background and then examined human and mouse AGT expressions in hAGT/USF1 WT 
Regulation of USF1 and USF2 mRNA
Expression of USF1 mRNA in USF1 GT mice was significantly decreased in male and female liver (11Ϯ1% and 8Ϯ1% of WT, respectively; Figure 1A and 1B). Variable decreases relative to WT were observed in other tissues, including kidney and brain, and reproductive, mesenteric, perirenal, and brown adipose tissues indicating that the gene trap is not a complete null but result in an effective knockdown of USF1 mRNA (Figure 2A and 2B). Although the expression of USF2 mRNA, which possess 2 potential E-box motifs, 16, 20 was not changed in USF1 GT male liver ( Figure  1A) , it was significantly decreased in the USF1
GT female liver ( Figure 1B ). Modest reductions of USF2 mRNA were found in USF1
GT female reproductive and brown adipose tissues ( Figure 2D ). The levels of USF1 but not USF2 protein in USF1
GT male and female liver were reduced significantly ( Figure 1C through 1E) .
Regulation of hAGT as a USF Target Gene In Vivo
No changes in the expression of hAGT mRNA were found in male USF1
GT liver and reproductive adipose, which are known as major sites of AGT production, whereas hAGT mRNA expressions in male USF1
GT kidney, brain, and mesenteric adipose tissue were decreased significantly (Figure 3A) . In females, the expression of hAGT in most tissues, including liver, kidney, brain, and reproductive adipose tissue, was decreased significantly ( Figure 3B ). The level of hAGT protein in USF1 GT male plasma was unchanged (1.13Ϯ0.30-fold versus WT) but was decreased significantly in plasma from female USF1
GT mice (0.65Ϯ0.04-fold versus WT). In males, the expression of endogenous mouse AGT in USF1
GT was not changed in liver, kidney, and reproductive adipose tissue, but a significant reduction of mouse AGT mRNA in brain from USF1
GT mice was found ( Figure 3C ). In female USF1
GT mice, mouse AGT mRNA expression was significantly decreased in liver, kidney, brain, reproductive, and brown adipose tissue, consistent with hAGT expression patterns in USF1
GT females ( Figure 3D ). The expression of p53, Fasn, and peroxisome proliferator-activated receptor-␥ mRNA, known USF target genes, were not altered in liver from USF1
GT males ( Figure 4A ) but were significantly lower in liver from USF1
GT females ( Figure 4B ).
BP in USF1 GT Mice
We next determined whether the reduction in mouse AGT expression was sufficient to lower BP in female USF1 GT mice. We measured SBP in USF1 GT mice lacking the hAGT transgene because of the known species specificity of the renin-AGT enzymatic reaction (and the lack of human renin in the model). 21 There was no significant difference in SBP in male or female USF1
GT mice fed a low-fat diet ( Figure 5A ). The trend for increased BP in females fed a low-fat diet occur concomitantly with a modest but significant increase in plasma aldosterone (see Table S1 in the online-only Data Supplement). In males, 6 weeks of high-fat feeding increased body weight compared with mice fed a low-fat diet (Table   S1 ) but had no effect on SBP ( Figure 5A ). In females, high-fat diet feeding increased body weight in both USF1 WT and USF1
GT mice (Table S1 ), but SBP was blunted in USF1 GT mice ( Figure 5B ). There was no difference in plasma aldosterone in female mice fed a high-fat diet (Table S1 ). Other parameters, including food and water intake, plasma fasting glucose, and metabolic rate, are presented in Table S1 .
Evidence for USF1 and USF2 Binding on hAGT Promoter
To explore molecular mechanisms underlying the effects of USF1 knockdown in the USF1
GT liver, we first performed EMSA using nuclear extracts from liver and labeled hAGT promoter oligo probes (containing A or C at position Ϫ20; Figure S1A , online-only Data Supplement). One strong major shift product (closed arrowhead) along with 1 weak shift (open arrowhead) was observed in nuclear extracts from liver derived from USF1 WT mice. Both shift products were competed by an excess cold WT but not mutant probe. Consistent with our previous observation in cultured cells, 11 the gel shift signal using the Ϫ20C probe was stronger than the signal obtained with the Ϫ20A probe. It was initially interesting to note that the same pattern of gel shift products was observed in nuclear extracts from USF1
WT and USF1 GT livers. Therefore, we performed EMSA using antisera directed against USF1 (␣1) and USF2 (␣2) to identify the shifted products ( Figure S1B ). ␣USF1 caused a weak supershift and strongly inhibited the formation of the major shift product from WT extracts, suggesting that this complex must contain USF1. This complex also likely contains USF2, because it is retained in the USF1
GT nuclear extract and supershifts with ␣USF2. Consequently, these data suggest that the major product likely contains USF1/USF2 heterodimers but may also contain USF2/USF2 homodimers, particularly when USF1 is depleted. This is consistent with the very close localization of the USF1/USF2 and USF2/USF2 products in nuclear extracts from a variety of AGT-expressing cells 11 and the observation that the ␣USF1 antisera does not reduce or supershift the major product in extracts from USF1 GT mice. The minor shifted product does not shift with ␣USF1 and is retained in USF1
GT , suggesting that it does not contain USF1. However, this product is effectively supershifted by ␣USF2, suggesting that it contains USF2. It remains unclear whether it is in complex with some other protein. A similar pattern of shifted and supershifted products was observed when the E-box from the p53 promoter, a known USF target gene, was used ( Figure  S1C ). 
Physiological Binding Between USF1 and the Promoters In Vivo
Quantitative ChIP was performed to assess the binding of USF1 and USF2 in chromatin surrounding the hAGT promoter from the liver of male and female mice. In males, a 60% reduction in USF1 binding to the Ϫ20 region was observed in USF1 GT . USF2, which was more abundant than USF1 at the hAGT promoter, was unchanged ( Figure 6A ). In female liver, the level of USF1 binding was much closer to the IgG background, and, thus, a difference between USF1 WT and USF1
GT was not clearly evident ( Figure 6B ). USF2 binding was similarly unaffected (Figure 6B ). Because of the low level of USF1 binding in the female mice, where the effect on hAGT was the largest, we repeated the quantitative PCR to query USF1 and USF2 binding to the p53 promoter. USF1 and USF2 have been reported previously to strongly bind to the E-box in the p53 promoter. 22 In this experiment, a significant decrease in USF1 binding to the p53 promoter was observed in the liver of male and female mice. Moreover, a decrease in USF2 binding was detected in females ( Figure  6D ). This correlated with a decrease in p53 expression in the liver of female mice ( Figure 4B ). There was no change in the level of RNA polymerase II binding consistent with studies showing that the level of poised RNA polymerase II does not directly correlate with the level of transcription.
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USF2 Knockdown by AdshUSF2 In Vivo
To dissect the mechanisms of USF-dependent regulation on hAGT in vivo, we used AdshUSF2, validated previously to efficiently infect the liver. 11 We asked if the preserved expression of hAGT in the liver of male USF1
GT was attributed to retention of USF2 binding, as suggested by the EMSA and ChIP studies. USF1
WT and USF1 GT male mice were treated intravenously with either a targeting AdshUSF2 or a control adenoviral delivery of short hairpin green fluorescent protein-expressing virus. USF1 protein levels were reduced by 55% by shUSF2 in USF WT mice but were largely ablated in USF1 GT mice ( Figure 7A and 7B). USF2 protein levels in liver were significantly decreased in both USF1
WT and USF1 GT mice by AdshUSF2 delivery compared with mice infected with adenoviral delivery of short hairpin targeting green fluorescent protein ( Figure 7A and 7C) . A significant reduction in hAGT protein was observed in both USF1
WT and USF1 GT mice by AdshUSF2, but the reduction was greater in mice lacking both USF1 and USF2 ( Figure 7D and 7E). Quantitative ChIP using USF2 antisera confirmed the loss of USF2 binding to the hAGT promoter in USF1 GT mice infected with AdshUSF2 virus ( Figure 7F ).
Discussion
Studies presented herein examined the relationship between USF1 and USF2 binding to the E-box sequence (CANNTG) overlying the Ϫ20 position in the promoter region of the hAGT gene using a transgenic mouse expressing hAGT, gene trap mice disrupting USF1 expression, and adenoviruses expressing short hairpin RNAs targeting USF2. We conclude from these studies that USF1 and USF2 binding are essential for normal AGT transcriptional regulation and that USF2 might be able to functionally compensate for the loss of USF1, especially in males. Loss of both USF1 and USF2 leads to a significant decline in hepatic hAGT expression.
USF1 or USF2 null mutants have been reported previously. 16 ,17 USF1-null mice are viable and fertile and exhibit elevated levels of USF2, which may potentially compensate for the absence of USF1. USF1 and USF2 can homodimerize, but they preferentially heterodimerize in vivo and have similar transactivating capacities. 24 Moreover, different cell types have distinct cell-specific ratios of USF homodimers and heterodimers. 16 Consequently, it is possible that USF2 homodimer formation became favored in mice lacking USF1. This is supported by the EMSA studies using antisera directed against USF2 and by the preservation of USF2 binding to the hAGT and p53 promoters in chromatin from the liver in USF1
GT mice. Our data are consistent with the hypothesis that USF1-knockdown mice exhibit markedly lower levels of AGT mRNA expression in tissues only if both USF1 and USF2 are decreased simultaneously, such as was observed in females or in males after short hairpin RNA mediates ablation of USF2. Thus, USF2 may functionally compensate for decreased USF1 in males. This situation is similar to the regulation of L-type pyruvate kinase and Spot14 by glucose, where residual USF2 homodimers can compensate for decreased USF1/2 heterodimers in USF1 knockout mice. 25, 26 The effects of USF1 deficiency were much more pronounced in females than in males. Sexual dimorphism in the phenotype of USF1-and USF2-deficient mice has been reported previously. Abnormal brain development and epileptic seizures were observed primarily in female USF1 knockout mice; but on the contrary, the growth defects and shorter life span of USF2-deficient mice were more severe in males than in females. 16 Overexpression of human USF1 in the mouse affects metabolic traits with decreased body weight, adiposity, and total triglyceride levels in males to a greater extent than in females. 27 There were no differences in heat production in WT or USF1-deficient mice, nor were there differences between males and females in this study. Statistically significant associations of several USF1 polymorphisms with type 2 diabetes mellitus and low-density lipoprotein cholesterol were reported recently in women but not in men. 28 Polymorphisms in USF binding sites upstream of genes in the familial combined hyperlipidemia pathway have been reported, 8, 29 and a significant correlation between USF1 polymorphism and hyperlipidemia phenotypes in families with hypertension and premature stroke was found in males. 9, 29 These studies suggest a sex-specific mechanism in the regulation of USF target gene expression in vivo. Similarly, it is well established that AGT gene expression is regulated by sex hormones. For example, estrogen increases AGT mRNA in the liver, 30 whereas androgens can induce renal expression of AGT. 31 Morgan et al 32 reported differential modulation of plasma AGT by the Ϫ20 polymorphism in healthy pregnancy. This modulation may be because of differential binding of the estrogen receptor in competition with other transcription factors to an estrogen receptor response element overlying Ϫ20, which affects the level of estrogen-induced AGT promoter activity. 33 Interestingly, USF1 polymorphisms were reported to be associated with the level of AGT expression in human fat biopsies, 34 and we observed that knockdown of USF1 leads to decreased expression of AGT in several adipose tissue depots. Thus, polymorphisms that affect the activity of USF1 or USF2 may modulate the level of AGT in adipose tissues. Interestingly, transgenic studies suggest that adipose AGT can contribute to the circulating pool of AGT and, thus, can regulate arterial pressure. 35 The status of the reninangiotensin system can also have a profound effect on energy homeostasis and adiposity. Global knockout or pharmacological interference with renin, AGT, angiotensin-converting enzyme, and angiotensin II type 1 receptor, all result in lower body mass, altered body composition, and/or abnormal adipose development. [36] [37] [38] [39] Interestingly, although there was no difference in SBP under baseline conditions, female USF1-deficient mice exhibited a decrease in SBP after high-fat diet feeding. This is consistent with the observation that females exhibited larger decreases in AGT expression than male. It remains unclear whether this is because of decreased AGT expression in the liver (ie, circulation) or in adipose tissue.
USF proteins bind close to the transcription start site of many genes and may be recruited to the transcriptional complex to modulate the state of chromatin. 14,15 A USF1-dependent increase in transcriptional activity at the ␤-globin locus involves a complex among USF1, USF2, and chromatin-modifying proteins and is accompanied by localized increases in methylated histone 4 and acetylated histone 3 and histone 4. 15 Recent advances in microarray and ChIP sequencing technologies provide relevant information of transcriptional control, associated with common metabolic disorders. Profiles of USF binding in a liver cell line by ChIP-ChIP demonstrated that there is a positive correlation between binding and target gene expression levels. 40 Proximal binding to the transcription start site was critical for the assembly of a transcription complex including transcriptional coactivators, such as p300/CREB-binding protein and enzymes involved in chromatin modification, such as histone acetyltransferases P300/CBP associated factor and steroid receptor coactivator-1 and arginine methyltransferases such as protein arginine N-methyltransferase-1. In our study, loss of USF1 and USF2 binding to the hAGT promoter in chromatin led to a 90% reduction in hAGT expression, suggesting that a similar recruitment of chromatin-modifying enzymes may be required to activate hAGT transcription in response to USF binding. However, we did not observe any difference in the binding (using quantitative ChIP) of acetylated (164.8Ϯ11.7-fold versus 168.12Ϯ1.8-fold of IgG) or methylated (1.3Ϯ0.1-fold versus 1.3Ϯ0.1-fold of IgG) histone 3 (lysine 27; H3K27) to the hAGT promoter in AdshUSF2-treated USF1
GT compared with liver from normal mice. Therefore, we must consider the possibility that the effects of USF1 and USF2 depletion on AGT expression are indirect. For example, genes potentially regulated by USF (eg, transcription factors hepatic nuclear factor 4␣ and peroxisome proliferator-activated receptor-␥) are involved in energy homeostasis, which, in turn, can directly or indirectly regulate hAGT gene expression.
In conclusion, by examining the transcriptional regulation of the hAGT gene, we have uncovered novel mechanisms regulating hAGT expression by transcription factors that bind to physiologically relevant promoter sequences (A-20C SNP). This sequence is significant because it overlies polymorphisms that are genetically associated with hypertension and other cardiovascular and metabolic phenotypes. A decrease in USF1 but not USF2 binding was observed in USF1 GT mice, suggesting that USF2 might be able to functionally compensate for loss of USF1, especially in males. We provide evidence that the retention of USF2 was critical for the regulation of the USF target gene.
Perspectives
Essential hypertension is influenced by both genetic and environmental factors. The AGT gene has long been studied as a candidate gene in hypertension, but numerous studies have failed to elucidate the mechanisms by which polymorphisms in AGT cause hypertension. In our study, both USF1 and USF2 play an important role in hAGT regulation, and distinct sex-specific mechanisms are involved in the regulation of their expression in vivo. We hypothesize that the Ϫ20C polymorphism results in increased USF recruitment to the AGT promoter, which results in increased AGT expression. This elevation in AGT expression may cause increases in BP and may have metabolic effects. room temperature (15 min). The reaction was stopped by addition of glycine (0.125M, 5 min at room temperature), homogenized on ice, and then rinsed with ice-cold PBS including proteinase inhibitors three times. The pellet was resuspended in lysis buffer with proteinase inhibitors (EZ-CHIP, Millipore) and sonicated on ice (Amplitude 30%, time 12 seconds, cooling 30 seconds, 10-15 times using a Sonic Dismembrator Model 500, Fisher Scientific). The size of the sonicated chromatin was verified as between 200-1000 bp by electrophoresis. Immunoprecipitation was performed with the EZ-CHIP kit using 5ug antibody against USF1 (sc-229X), USF2 (sc-861X), or non specific IgG as a negative control, RNA polymerase II provided by the kit as a positive control as described by us. 4 Real-time PCR reactions utilized SYBR-Green mix (Applied Biosystems). The sequence for amplification of the proximal region of the hAGT promoter (-129-+76) was 5'-AGTGTCGCTTCTGGCATCTGT -3' and 5'-AGAGACAA GACCGAGAAGGAG-3'.
Intravenous Adenoviral Delivery of shRNA against USF2 (AdshUSF2) in vivo.
AdshUSF2.3 expressing the 21-nt core sequence (5'-GGATCGTCCAGCTTTCGAAAA-3' for acute Usf2 inhibition in vivo was prepared as described. 4 Intravenous jugular cannulation, adenoviral delivery, and extraction of proteins from tissues were performed as described. 4 We injected 2X10 10 pfu of AdshGFP as a control or 1X10 10 pfu of AdshUSF2.3 and tissues were harvested after 5 days.
Plasma Aldosterone. Plasma aldosterone was determined using an ELISA kit from Cayman Chemical (Cat # 1004377) after 1:2 dilution of plasma. Metabolic rate: Individual Mice were placed into a water-jacketed 2 L beaker (Ace Glass, Vineland, NJ) maintained at 30°C, and room air was drawn through the chamber at 300 mL/min (R2 flow control, AEI) described as in 5 .
Food and fluid Intake: Mice were acclimated to Nalgene (Rochester, NY) single-mousesized metabolism cages for at least 2 days before the measurement for water intake, food intake, and urine volume averaged over 24 hour collections for a 3 day period.
